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BACKGROUND: We aimed to develop and validate a plasma extracellular vesicle circular RNA (circRNA)-based signature that can
predict overall survival (OS) in first-line abiraterone therapy for metastatic castration-resistant prostate cancer (mCRPC) patients.
METHODS: In total, 582 mCRPC patients undergoing first-line abiraterone therapy from four institutions were sorted by three
phases. In the discovery phase, 30 plasma samples from 30 case-matched patients with or without early progression were obtained
to generate circRNA expression profiles using RNA sequencing. In the training phase, differentially expressed circRNAs were
examined using digital droplet PCR in a training cohort (n= 203). The circRNA signature was constructed using a least absolute
shrinkage and selection operator Cox regression to predict OS. In the validation phase, the prognostic ability of this signature was
prospectively validated in two external cohorts (Cohort I, n= 183; Cohort II, n= 166).
RESULTS: We developed a five-circRNA signature, based on circCEP112, circFAM13A, circBRWD1, circVPS13C and circMACROD2, which
successfully stratified patients into high-risk and low-risk groups. The prognostic ability of this signature was prospectively validated
in two external cohorts (P < 0.0001, P < 0.0001). Patients with high-risk scores had shorter OS than patients with low-risk scores.
CONCLUSION: This five-circRNA signature is a reliable predictor of OS for mCRPC patients undergoing abiraterone.

British Journal of Cancer (2023) 128:1320–1332; https://doi.org/10.1038/s41416-023-02147-8

BACKGROUND
Prostate cancer is the second most commonly diagnosed cancer
in men and the fifth leading cause of cancer death worldwide. For
the past 70 years, the standard of care for locally advanced or
metastatic prostate cancer is androgen deprivation therapy.
Although up to 85% of patients initially respond to androgen
deprivation therapy, virtually all patients would progress to
metastatic castration-resistant prostate cancer (mCRPC) [1].
Several available therapies could improve outcomes for mCRPC
patients [2].
Abiraterone is an inhibitor of cytochrome P450 17A1 that

potently blocks the production of androgens by the adrenal
glands and testes and within the prostate tumour [3, 4]. Despite
the significant advances in the treatment of mCRPC, ~20–40% of
patients have no response to abiraterone with respect to serum
prostate-specific antigen (PSA) values. Among patients who
initially have a response, nearly all eventually exhibit acquired
resistance [5, 6]. One potential explanation for the resistance to
abiraterone is the emergence of constitutively active androgen
receptor (AR) splice variants, of which AR splice variant-7 (AR-V7) is

the most extensively characterised [7–9]. Recent studies have
shown that noncoding RNAs, including circular RNAs (circRNAs),
are strongly associated with AR/AR-V7 signalling in prostate
cancer castration-resistant progression [10–16]. Compared with
linear RNAs, circRNAs have covalently linked ends of a single RNA
molecular and appear to have a higher stability [17]. This
remarkable feature makes them to be more advantageous as
potential molecular diagnostic and prognostic markers [18].
Extracellular vesicles (exosomes and microvesicles) are small

membrane vesicles which could be released into circulatory fluids
by cancer cells [19, 20]. Recently, plenty of plasma extracellular
vesicle noncoding RNAs were reported as prognostic and
predictive biomarkers in cancer patients [21]. However, few
studies have been reported on plasma extracellular vesicle
circRNAs in prostate cancer [22] and no data are available on
their use in the identification of mCRPC patients receiving first-line
abiraterone at greatest risk for overall survival. In this study, we
aimed to analyse circRNA expression profiles from plasma-derived
extracellular vesicles in mCRPC patients receiving first-line
abiraterone to develop a multi-circRNA-based signature to predict
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overall survival. We prospectively evaluated the prognostic ability
of this multi-circRNA-based signature in the training cohort and
validated externally it in two independent cohorts. This prognostic
circRNA signature may substantially improve the existing clin-
icopathological prognostic markers in mCRPC patients receiving
first-line abiraterone therapy.

METHODS
Patient population and study design
We designed a prospective biomarker discovery analysis according to the
TRIPOD statement [23] to identify circRNA biomarkers associated with
overall survival in mCRPC patients receiving first-line abiraterone. This
study, which was conducted in accordance with the Declaration of
Helsinki, was approved by the Institutional Ethical Review Board at The
Third Affiliated Hospital of Sun Yat-sen University, and written informed
consent was obtained from all study participants. The study is registered
with www.chictr.org/cn/, number ChiCTR1800019529.
Patients in the discovery, training and validation phases, will be eligible

for inclusion only if all of the following criteria apply: (1) age ≥18 years; (2)
histologically confirmed diagnosis of adenocarcinoma of the prostate; (3)
castrate levels of serum testosterone (<50 ng/dL) at most recent
assessment and continued treatment with androgen deprivation therapy;
(4) radiographic evidence of at least one metastatic lesion via MRI/CT scan
or bone scan; (5) patients are about to begin treatment with first-line
abiraterone acetate; (6) evidence of disease progression on or following
most recent therapy as evidenced by at least one of the following: (a)
Having ≥3 rising serum PSA values obtained 2 or more weeks apart, with
the last value being 2.0 ng/mL or higher (Prostate Cancer Clinical Trials
Working Group 2 guidelines) [24]; (b) having ≥20% increase in the sum of
the diameters of soft-tissue lesions evaluated by MRI or CT using Response
Evaluation Criteria in Solid Tumours [25] or ≥2 new bone lesions on
technetium-99 bone scanning. Exclusion criteria were as follows:
inadequate RNA (less than 1 ng/μL) available and loss of follow-up.
In the discovery phase, to generate circRNAs expression profiles, we

obtained 30 plasma samples from 30 case-matched mCRPC patients with
early progression (defined as the radiographic appearance of new
documented metastases within 3 months from first-line abiraterone
treatment) or without at The Third Affiliated Hospital of Sun Yat-sen
University between March 2014 and April 2015. Cases were strictly
matched on a 1:1 basis in an automated fashion using SPSS (version 25.0;
SPSS Inc., Chicago, IL, USA) and the following rules: the similar age at the
time of CRPC (within 5 years), the same Gleason score at initial diagnosis,
the same clinical T staging at initial diagnosis, the similar number of
positive biopsy cores at initial diagnosis, the similar serum PSA levels at
initial diagnosis (within 5 ng/mL), and the similar duration time from
initiation of androgen deprivation therapy for the hormone-sensitive stage
to CRPC stage (within 3 months). No patients had previous treatment with
radiotherapy or chemotherapy for castration-resistant diseases.
In the training and validation phases, we used three cohorts of plasma

specimens from mCRPC patients: the training cohort, and two independent
external validation cohorts. For the training cohort, data were prospectively
acquired from 203 patients from The Third Affiliated Hospital of Sun Yat-sen
University between May 2015 and December 2019. For the independent
validation sets, 183 patients in Cohort I were prospectively obtained from
Foshan First Municipal People’s Hospital between May 2015 and June 2020.
Another 166 patients in Cohort II were included from The First Affiliated
Hospital of the University of South China and The First Affiliated Hospital of
Hainan Medical College between May 2015 and June 2020 (Fig. 1).
Abiraterone was given at a dose of 1000mg daily, with prednisone at a dose

of 5mg twice daily. For follow-up, all patients were required to have PSA
determination at least once every 1–2 months. The intervals of imaging (chest/
abdomen/pelvis CT or MRI and technetium-99 bone scan evaluations) are
baseline prior to abiraterone treatment initiation and every 2–3 months, or
sooner if clinically indicated. Abiraterone therapy should continue until
radiographic progression, or unmanageable drug-related toxicity.

Extracellular vesicle RNA extraction
For plasma specimens, whole blood (5 × 5mL) was collected in ethylene-
diaminetetraacetic acid tubes and centrifuged at 1900×g for 10 min at 4 °C
within 2 h after drawing. The supernatant was then fractioned into multiple
aliquots, and stored at −80 °C until analysed centrally at The Core Lab Plat
for Medical Science of Sun Yat-sen University.

The extracellular vesicle isolation and characterisation, RNA extraction,
and quality control are described previously [26] (Supplementary Material
and Supplementary Figs. S1–3).

Extracellular vesicle RNA sequencing library preparation and
circRNAs sequencing
The total RNA was treated with RiboZero rRNA Removal Kit (Epicentre, WI,
USA) to delete rRNA and digest linear RNA using RNase-R (Epicentre)
according to the manufacturer’s instructions. Subsequently, strand-specific
libraries were constructed using VAHTS Total RNA-seq (H/M/R) Library Prep
Kit for Illumina (Vazyme, Nanjing, CHN) following the manufacturer’s
instructions. In brief, the enriched circRNAs were fragmented using
fragmentation buffer and then reverse transcribed into first-strand cDNA
and second-strand cDNA in an orderly. Then, the cDNA fragments were
purified, subjected to end-repair, and modified to add A at the 3’ end. The
sequencing adapters were ligated to the cDNA fragments. The double-
strand cDNA was digested by uracil-DNA glycosylase (Cwbio, Beijing, CHN)
to remove the second-strand cDNA before sequencing. The purified
ligation products were performed PCR amplification. The PCR amplification
products of cDNA were purified with Agencourt AMPure XP Beads
(Beckman Coulter, Inc. Kraemer Boulevard Brea, CA, USA) and then
sequenced by Illumina Hiseq X Ten system (Illumina, San Diego, CA, USA)
on paired-end mode with length 150 bases following the vendor’s
recommended protocol.
For the identification and annotation of circRNAs, the raw sequencing

reads were subjected to trimming process with Trimmomatic (v.0.32).
Briefly, the sequencing adapters, leading and trailing bases below Q30
were first trimmed. The reads were then scanned from both ends, using a 4
bp-wide sliding window, within which the low-quality (lower than Q20)
bases were trimmed. Finally, the resulting reads of length at least 50 bases
were selected for further analyses. High-quality reads were aligned to the
Homo sapiens reference genome (GRCH37/hg19) that was obtained from
UCSC genome browser (http://genome.ucsc.edu/) using the Burrows-
Wheeler Alignment tool (v.0.7.12). The resulted sequence alignment files
(bam formatted file) were then sorted by reference position as required by
SAM tools (v.2.6.2).

Sequencing data analysis
CircRNAs were identified and quantified by CIRI2. The reads that partly
aligned to the genome were considered as the candidate back-spliced
junction reads and the unaligned part of reads were further spliced to
multiple short seed reads, then aligned to the downstream and
upstream region of aligned part and the key segments of both side
were calculated with maximum likelihood estimation algorithm. The
reads whose key segment of upstream region larger than that of
downstream will be considered as the junction region reads of circRNAs.
The identified circRNAs were then annotated with circBase database that
contains data from studies of large-scale circRNAs identification
published to date [27].
We compared circRNAs expression profiles in plasma extracellular

vesicles across 30 case-matched mCRPC patients with or without early
progression using the edgeR package of R (v.3.1.2) [28]. The expression fold
change between each comparison group was calculated by spliced reads
per billion mapping (SPRBM= number of circular reads/total mapped
reads [units in billion]) and log-transformed. We defined the statistical
criteria for selecting differentially expressed circRNAs using |fold
changes| ≥2.0 with P values < 0.01. We have deposited the RNA
sequencing data reported in this study into the National Center for
Biotechnology Information’s Gene Expression Omnibus (GSE125256)
(token: atutcmssvrczxmh).

Digital droplet PCR (ddPCR) analysis
We used ddPCR EvaGreen Supermix (Bio-Rad, Foster City, CA, USA) on the
QX200 Droplet System as described in our previous study [29]. The primers
used are listed in Supplementary Table S5. The reactions were assembled
into each well according to the following protocol: 2 μl cDNA, 10 μl QX200
EvaGreen ddPCR Supermix (Bio-Rad), 4 μM of each primer and nuclease-
free water up to 20 μl. A no template control, where nuclease-free water
was added instead of cDNA samples, was set. The droplet generation
procedure followed the manufacturer’s instructions. Each 70 μl QX200
Droplet generation oil and 20 μl ddPCR reaction, respectively, were added
into the 8-channel droplet generation cartridge, and the cartridge was
loaded in the QX200™ Droplet Generator. Subsequently, the 40 μl of

W. Tao et al.

1321

British Journal of Cancer (2023) 128:1320 – 1332

http://www.chictr.org/cn/
http://genome.ucsc.edu/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125256


resulting droplets solution was then transferred into a 96-well PCR plate.
The cycling conditions were as follows: hot-start at 95 °C for 5 min;
followed by 45 cycles of 95 °C for 30 s, 64 °C for 1 min; then, a signal
stabilisation step at 4 °C for 5 min and 90 °C for 5 min, finally holding at
4 °C. Droplets were detected on the QX200 Droplet Reader (Bio-Rad) and
analysed by QuantaSoft software (Bio-Rad). The resulting copies per
microliter of reaction were the numbers exported by the software
(Supplementary Figs. S4–6).
The laboratory investigators have no information regarding patients’

clinical and outcome data and researchers at all institutions were masked
to circRNAs testing results. After all samples had been tested by the same
central laboratory (The Core Lab Plat for Medical Science of Sun Yat-sen
University), these blinded data were released to and compared with
patient outcomes.

Outcomes
The primary endpoint was overall survival. Overall survival was defined as
the time from plasma collection (the initiation of abiraterone) to the date
of death of any cause. The secondary endpoint was (1) the proportion of
patients with a serum PSA response (≥50% reduction in PSA from baseline,
maintained for ≥4 weeks) at any time after the initiation of abiraterone
therapy; The best PSA response (maximal percentage decrease in serum
PSA from baseline) was also calculated; (2) radiographic progression was
defined as ≥20% increase in the sum of the diameters of soft-tissue lesions
evaluated by MRI or CT using Response Evaluation Criteria in Solid
Tumours [25] or ≥2 new bone lesions on technetium-99 bone scanning.
The intervals of imaging (chest/abdomen/pelvis CT or MRI and technetium-
99 bone scan evaluations) are baseline prior to abiraterone treatment
initiation and every 2–3 months, or sooner if clinically indicated.

183 patients for final validation cohort I 166 patients for final validation cohort II

Cohort II: Prospective collection of
176 mCRPC patients

Cohort I: Prospective collection of
190 mCRPC patients

Validation of the risk score in two cohorts

Building of a risk score with Cox proportional
hazards regression model

Selection with LASSO algorithm

29 differentially expressed circRNAs confirmed

Quantification of circRNAs using ddPCR in the
training cohort (n = 203)

96 differentially expressed circRNAs

High-throughput RNA sequencing

Plasma extracellular vesicle RNA extraction

mCRPC patients without early progression* (n = 15)
mCRPC patients with early progression (n = 15)

7 patients excluded:
2 because of loss of
follow-up
5 because of insufficient
RNA for assay

10 patients excluded:
4 because of loss of
follow-up
6 because of insufficient
RNA for assay

Fig. 1 Study flow. mCRPC metastatic castration-resistant prostate cancer, circRNAs circular RNAs, ddPCR digital droplet polymerase chain
reaction, LASSO least absolute shrinkage and selection operator. *The early progression was defined as radiographic appearance of new
documented metastases (per Response Evaluation Criteria in Solid Tumours 1.1 criteria) within 3 months from abiraterone treatment.
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The presence or absence of metastatic lesions was confirmed by a central
independent review.

Statistical analysis
We calculated the sample size of our study using the programme PASS
(version 11, NCSS, Kaysville, UT, USA). The sample size was determined on
the basis of the primary endpoint of overall survival. It was assumed that
the 3-year overall survival rates for patients with mCRPC were 40% in the
low-risk group and 20% in the high-risk group [30]. For statistical purposes,
we will suppose that circRNAs with a high level of expression will be
detectable from baseline samples in 50% of abiraterone-treated men.
Under this assumption, a sample size of 133 patients per cohort will yield
80% power to detect a difference in overall survival from 20% (in the high-
risk group) to 40% (in the low-risk group) in a median 3-year follow-up,
using a two-sided log-rank test at a significance level of 0.05.
To confirm the differential expression of candidate circRNAs from the

RNA sequencing results, we further determined their expression in 64
plasma samples from the training cohort using ddPCR. Using X-tile plots
(X-tile software version 3.6.1, Yale University School of Medicine, New
Haven, CT, USA), we chose the optimal cutoff score for the expression of
every significantly differentially expressed circRNA based on the associa-
tion with the patient’s overall survival. We employed LASSO Cox regression
model [31] to select the most useful prognostic circRNAs identified with

the training cohort, and constructed a multi-circRNA-based signature for
predicting overall survival.
The overall survival and progression-free survival were estimated by the

Kaplan–Meier method and assessed by the log-rank test. HRs were
calculated by the use of univariate Cox regression analyses. We used
multivariable Cox regression analyses to test the independent significance
of different variables. Covariates included multi-circRNA-based signature,
and the traditional risk factors (including age, ECOG PS, disease site, opioid
analgesic use, PSA, LDH, haemoglobin, alkaline phosphatase and albumin),
which were reported to be associated with overall survival for patients with
mCRPC [32].
We investigated the prognostic accuracy of existing clinicopathological

prognostic factors and multi-circRNA-based signature using receiver
operating characteristic (ROC) analysis. AUC was used to assess model
performance. Decision curve analysis was used as described in our
previous study [33] to compare the net benefit associated with overall
survival prediction using multi-circRNA-based signature. Calibration was
assessed to compare the observed rates with the multi-circRNA-based
signature predicted probabilities.
All statistical analyses were done with SPSS (version 25.0; SPSS Inc,

Chicago, IL, USA) or R software version 3.4.3 (R Foundation for Statistical
Computing, Vienna, Austria), and a two-tailed P value of less than 0.05 was
regarded as statistically significant.
The TRIPOD statement was followed throughout this study [23].

Table 1. Clinical characteristics of patients in training, and two external validation cohorts.

Training cohort (n= 203) Validation Cohort I (n= 183) Validation Cohort II (n= 166)

Pts (n) Low risk High risk Pts (n) Low risk High risk Pts (n) Low risk High risk

Age (years)

<68 107 65 (61%) 42 (39%) 88 41 (47%) 47 (53%) 80 38 (47%) 42 (53%)

≥68 96 48 (50%) 48 (50%) 95 52 (55%) 43 (45%) 86 39 (45%) 47 (55%)

ECOG PS

0 118 63 (53%) 55 (47%) 104 54 (52%) 50 (48%) 103 51 (50%) 52 (50%)

1 68 44 (65%) 24 (35%) 63 33 (52%) 30 (48%) 50 22 (44%) 28 (56%)

2 17 6 (35%) 11 (65%) 16 6 (37%) 10 (63%) 13 4 (31%) 9 (69%)

Disease site

1 78 53 (68%) 25 (32%) 65 38 (58%) 27 (42%) 87 41 (47%) 46 (53%)

2 88 47 (53%) 41 (47%) 85 43 (51%) 42 (49%) 58 29 (50%) 29 (50%)

3 37 13 (35%) 24 (65%) 33 12 (36%) 21 (64%) 21 7 (33%) 14 (67%)

Opioid analgesic use

No 141 84 (60%) 57 (40%) 124 63 (51%) 61 (49%) 118 64 (54%) 54 (46%)

Yes 62 29 (47%) 33 (53%) 59 30 (51%) 29 (49%) 48 13 (27%) 35 (73%)

PSA (ng/mL)

<110.04 108 58 (54%) 50 (46%) 88 53 (60%) 35 (40%) 80 40 (50%) 40 (50%)

≥110.04 95 55 (58%) 40 (42%) 95 40 (42%) 55 (58%) 86 37 (43%) 49 (57%)

LDH

≤1xULN 138 79 (57%) 59 (43%) 120 61 (51%) 59 (48%) 133 65 (49%) 68 (51%)

>1xULN 65 34 (52%) 31 (48%) 63 32 (51%) 31 (49%) 33 12 (36%) 21 (64%)

Haemoglobin (g/L)

<121 105 53 (50%) 52 (50%) 90 37 (41%) 53 (59%) 79 41(52%) 38 (48%)

≥121 98 60 (61%) 38 (39%) 93 56 (60%) 37 (40%) 87 36 (41%) 51 (59%)

Alkaline phosphatase (U/L)

<174 103 65 (63%) 38 (37%) 94 52 (55%) 42 (45%) 78 38 (49%) 40 (51%)

≥174 100 48 (48%) 52 (52%) 89 41 (46%) 48 (54%) 88 39 (44%) 49 (56%)

Albumin (g/L)

<34.80 116 64 (55%) 52 (45%) 64 25 (39%) 39 (61%) 94 43 (46%) 51 (54%)

≥34.80 87 49 (56%) 38 (44%) 119 68 (57%) 51 (43%) 72 34 (47%) 38 (53%)

ECOG PS Eastern Cooperative Oncology Group performance status, PSA prostate-specific antigen, LDH lactate dehydrogenase, ULN upper limit of normal.
Disease site 1 indicated lymph node-only metastasis; disease site 2 indicated bone/bone+ lymph node metastasis; disease site 3 indicated any visceral
metastasis.
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RESULTS
Patient characteristics
In the discovery phase, between March 2014 and April 2015, we
obtained 30 plasma samples from 30 case-matched mCRPC patients
at The Third Affiliated Hospital of Sun Yat-sen University to generate
circRNA expression profiles. The clinicopathological characteristics of
these patients were shown in Supplementary Table S1. Between
May 2015 and December 2020, we enrolled 552 men with mCRPC
from four academic medical centres for the training and validation
phases (Fig. 1). Baseline characteristics of these cohorts are listed in
Table 1. The median follow-up time for the entire cohort was
32.0 months (interquartile range [IQR]: 30.5–33.5 months);
33.0 months (IQR: 31.3–34.7 months) for the training cohort,
32.0 months (IQR: 29.8–34.2 months) for the validation Cohort I,
and 32.0 months (IQR: 28.8–35.2 months) for the validation Cohort II.
During follow-up, 85.1% of the patients (470 of 552) developed
progression, and 78.8% of the patients (435 of 552) died.

Selection of candidate circRNAs
In RNA sequencing analysis, we identified 96 plasma extracellular
vesicle circRNAs that had significantly different levels between
case-matched mCRPC patients with or without early progression
(Fig. 2). We further confirmed the RNA sequencing results of 96
circRNAs in the training cohort by ddPCR analysis. Twenty-nine
circRNAs were identified to be significantly differentially expressed
between mCRPC patients with progression and those without
(P < 0.01). Of these 29 circRNAs, 16 circRNAs were upregulated
circRNAs and 13 downregulated circRNAs (Supplementary
Table S2).
Subsequently, we employed X-tile plots to generate the optimal

cutoff score for these 29 significantly differentially expressed
circRNAs in the training cohort. The univariate analysis between
each of the 29 circRNAs and overall survival was shown in
Supplementary Table S3. We used a least absolute shrinkage and
selection operator (LASSO) Cox regression model to build a
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prognostic signature, which chose five circRNAs from the 29
circRNAs identified in the training cohort: (circCEP112, circFAM13A,
circBRWD1, circVPS13C, and circMACROD2, Fig. 2b). In the five
circRNAs, expression levels of three circRNAs (circCEP112, cir-
cFAM13A, and circBRWD1) were positively associated with overall
survival, and the expression levels of the other two (circVPS13C
and circMACROD2) were inversely associated with overall survival
(Supplementary Fig. S7).

Building a predictive signature
To investigate the effectiveness of these five circRNAs as a
circRNA-based signature for overall survival prediction, we
assigned each patient a risk score using a formula derived from
their individual five circRNAs expression levels (Supplementary
Table S4).
Risk score= (0.182 × expression level of circCEP112)+

(0.094 × expression level of circFAM13A)+ (0.028 × expression

level of circBRWD1)− (0.076 × expression level of circVPS13C)−
(0.336 × expression level of circMACROD2).
Using X-tile plots to generate an optimal cutoff score (0.84)

(Supplementary Fig. S7), we divided patients into high-risk and
low-risk groups (Figs. 3–5). This assay categorised 113 (55.6%) of
203 patients in the training cohort to the low-risk group and 90
(44.3%) to the high-risk group. The PSA response rate among
patients with high-risk scores was 17.8% (16 of 90 men), and the
rate among patients with low-risk scores was 31.9% (36 of 113
men; P= 0.034) (Fig. 6a). Patients with high-risk scores had shorter
overall survival (hazard ratio [HR] 2.69, 95% confidence interval [CI]
1.96–3.71; P < 0.0001; Fig. 6a) than patients with low-risk scores.
Similarly, patients with high-risk scores had shorter progression-
free survival (HR 2.41, 1.76–3.29; P < 0.0001; Fig. 6a) than those
with low-risk scores. The circRNA risk-score distributions and
patients’ overall survival status in each risk group are shown
in Fig. 3.
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Validating the signature
We used the same risk score formula as in the training cohort and
calculated the five-circRNA signature risk score for each patient in
two independent external validation cohorts (Cohort I, n= 183;
Cohort II, n= 166). We then assigned them into the high-risk
group or low-risk group, respectively, based on the same cutoff
value obtained from the training cohort.
In the independent external validation Cohort I, 93 (50.8%) of

183 patients were classified into the low-risk group and 90 (49.2%)
patients were classified into the high-risk group. The PSA response
rate among patients with high-risk scores was 13.3% (12 of 90
men), and the rate among patients with low-risk scores was 30.1%
(28 of 93 men; P= 0.010) (Fig. 6b). Patients with high-risk scores
had shorter overall survival (HR 2.06, 95% CI 1.49–2.85; P < 0.0001;
Fig. 6b) and progression-free survival (HR 2.16, 1.58–2.96;
P < 0.0001; Fig. 6b) than patients with low-risk scores. Similarly,
in the independent external validation Cohort II, the circRNA

signature stratified 77 (46.4%) of 166 patients into the low-risk
group and 89 (53.6%) patients into the high-risk group. The PSA
response rate among patients with high-risk scores was 16.9% (15
of 89 men), and the rate among patients with low-risk scores was
40.3% (31 of 77 men; P= 0.001) (Fig. 6c). Patients with high-risk
scores had shorter overall survival (HR 2.16, 95% CI 1.50–3.11;
P < 0.0001; Fig. 6c) and progression-free survival (HR 1.96,
1.40–2.75; P < 0.0001; Fig. 6c). The circRNA risk-score distributions
and patients’ overall survival status in each risk group are shown in
Figs. 4 and 5.
Using the multivariable Cox proportional hazard regression

analysis, we found that the five-circRNA signature remained a
strong independent predictor for overall survival (HR 2.62,
1.86–3.69; P < 0.0001 in training cohort； HR 2.19, 1.53–3.14;
P < 0.0001 in Cohort I; HR 2.17, 1.47–3.19; P < 0.0001 in Cohort II)
regardless of age, Eastern Cooperative Oncology Group perfor-
mance status [ECOG PS], disease sites [lymph node-only
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Table 2. Multivariable Cox regression analysis of five-circRNA signature with overall survival.

Variables Training Cohort (n= 203) Validation Cohort I
(n= 183)

Validation Cohort II
(n= 166)

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Age (years) (≥68 vs <68) 1.02 (0.74–1.40) 0.919 1.34 (0.96–1.88) 0.088 0.82 (0.57–1.18) 0.274

ECOG PS (≥ 1 vs <1) 1.37 (0.97–1.93) 0.075 1.44 (1.03–2.01) 0.034 0.96 (0.67–1.40) 0.846

Disease site (≥2 vs <2) 1.30 (0.91–1.86) 0.153 1.19 (0.84–1.70) 0.332 1.16 (0.80–1.69) 0.429

Opioid analgesic use (yes vs no) 1.22 (0.85–1.75) 0.278 1.35 (0.94–1.94) 0.104 1.49 (0.99–2.22) 0.054

PSA (ng/mL) (≥110.04 vs <110.04) 1.36 (0.98–1.89) 0.067 1.03 (0.73–1.47) 0.865 1.00 (0.69–1.45) 0.993

LDH (>1xULN vs ≤1xULN) 1.21 (0.85–1.72) 0.286 1.30 (0.91–1.86) 0.144 0.82 (0.51–1.35) 0.421

Haemoglobin (g/L) (≥121 vs <121) 0.85 (0.62–1.18) 0.338 1.08 (0.76–1.52) 0.678 0.73 (0.49–1.08) 0.114

Alkaline phosphatase (U/L) (≥174 vs <174) 1.17 (0.84–1.62) 0.367 0.99 (0.72–1.38) 0.966 1.22 (0.85–1.75) 0.276

Albumin (g/L) (≥34.80 vs <34.80) 0.70 (0.50–0.98) 0.038 0.98 (0.69–1.41) 0.927 0.97 (0.67–1.40) 0.853

Five-circRNA signature (high vs low risk) 2.62 (1.86–3.69) <0.0001 2.19 (1.53–3.14) <0.0001 2.17 (1.47–3.19) <0.0001

circRNA circular RNA, HR hazard ratio, CI confidence interval, ECOG PS Eastern Cooperative Oncology Group performance status, PSA prostate-specific antigen,
LDH lactate dehydrogenase, ULN upper limit of normal.
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metastasis; bone/bone+lymph node metastasis; any visceral
metastasis], opioid analgesic use, PSA, lactate dehydrogenase
[LDH], haemoglobin, alkaline phosphatase and albumin (Table 2).
This five-circRNA signature also showed significantly higher
prognostic accuracy than any clinicopathological variable, or
single circRNA alone. We then integrated this five-circRNA
signature to combined clinicopathological variables for predicting
overall survival. The addition of this five-circRNA signature
achieved superior performance than did combined clinicopatho-
logical variables alone, shown by a larger area under the receiver
operating characteristic curve (AUC) (0.729 95% CI 0.679–0.779]
versus 0.634 [0.579–0.688], P= 0.0004, Fig. 7). Thus, the five-
circRNA signature could add significant prognostic value to
existing clinicopathological prognostic factors.
In both the training and validation cohorts (Cohort I and Cohort

II), this five-circRNA signature showed near-perfect calibration,
with the predicted probabilities of overall survival at 24 months
accurately, describing the true risk observed in all three cohorts
(Supplementary Fig. S8). Compared with conditions where no
prediction model would be used (i.e., all or none), the five-circRNA
signature provided a high net benefit across a wide range of
decision threshold probabilities (Fig. 8).

DISCUSSION
In this multi-centre, prospective cohort study, we developed and
externally validated a novel prognostic tool based on five circRNAs
that improves the ability to predict overall survival in mCRPC
patients receiving first-line abiraterone. To our knowledge, this is
the first study that has prospectively evaluated the global circRNA
expression profiles from plasma-derived extracellular vesicles in
mCRPC patients receiving first-line abiraterone. Our results
showed that the five-circRNA signature could successfully
categorise patients into high-risk and low-risk groups with
significant differences in overall survival. Furthermore, we found
that this five-circRNA signature was able to improve on existing
clinicopathological prognostic factors for the risk stratification
of mCRPC.
The difficulty in obtaining tumour sample from men with CRPC,

as well as the molecular heterogeneity of tumour makes liquid
biopsies-based biomarker assays crucially important to individua-
lise management [34]. Cell-free RNA profiling, such as plasma
extracellular vesicle circRNAs might offer an attractive and easy-to-
use potential for prognostic biomarker development [17, 21, 35].
Recent studies have demonstrated that circRNAs may be
associated with tumorigenesis [29], microRNA inhibition [36],
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and epithelial–mesenchymal transition [37]. Although the
mechanisms of circRNAs underlying abiraterone resistance remain
elusive, some noncoding RNAs are critical for the production of
AR-Vs, specifically AR-V7 [10–16]. Thus, we hypothesised that
detection of selective circRNAs in plasma extracellular vesicles
from men with mCRPC would be associated with resistance to
abiraterone. Interestingly, among these identified circRNAs in our
study, circVPS13C and circBRWD1 were recently suggested to affect
prostate cancer cell proliferation independently of their linear
counterparts [22]. Although the biological roles of many candidate
circRNAs on the mCRPC progression remain unknown, a lot of
circRNAs have the ability to function as oncogenes or tumour
suppressors in prostate cancer [22]. Our findings raise the
possibility that these identified circRNAs could be crucial in the
more lethal behaviour of mCRPC (e.g., drug resistance).
There are several strengths of our study. First, we employed

rigorous statistical methodology in accordance with TRIPOD
statement to prospectively validate that five-circRNA signature
could be used as an independent biomarker to predict overall
survival in mCRPC. We selected overall survival as the primary
endpoint, which is considered as less subject to interpretation bias
[32]. Second, blood measurements are repeatable, minimally
invasive, and easily implemented during the course of treatment.

Third, compared with expensive and technically challenging
circulating tumour cell counts [38], the extraction and processing
of plasma-derived extracellular vesicles is considerably cheap and
less labour-intensive. Last, ddPCR shows many potential advan-
tages over traditional real-time PCR for plasma nucleic acid
quantification analysis, including greater precision and improved
day-to-day reproducibility [39].
This study has several limitations. First, all patients are Chinese,

and the effects of race on the value of the five-circRNA signature is
unclear. Second, the biological roles by which many candidate
circRNAs in the five-circRNA signature, such as circCEP112,
circFAM13A and circMACROD2, contribute to mCRPC progression
remain unknown. Third, we did not evaluate the five-circRNA
signature in patients receiving other novel hormonal therapy
agents (e.g., enzalutamide, apalutamide). It is for the reason that
enzalutamide and apalutamide were just officially approved for
clinical use in China in 2019. Herein, further investigations are
warranted to elucidate the biological mechanisms behind the
prognostic value of this five-circRNA signature in mCRPC patients
receiving novel hormonal therapy.
In summary, our findings show that the five-circRNA signature is a

potential prognostic tool for predicting overall survival in mCRPC
patients receiving first-line abiraterone. It could improve existing
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clinicopathological prognostic factors to provide a more accurate
prognosis. Thus, our findings could have therapeutic implications in
directing personalised regimen selection for patients with mCRPC.
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